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.SUMiURY 



^ A nuraber of airfoils, including 14 commonly used air- 
foils and 10 K.A.C.A. airfoils, Trere tested through the* •■ 
negative angl o- of-at tack range in the IT.A.C.A, variahle'- 
density wind tunnol at a Reynolds iluniT^er of approximately 
3,000,000. The tests were made to supply data to serve as 
a hasis for the structural design of airplanes in the in- 
verted flight condition. In order to Liake the results im- 
laediately availahle for this purpose they are presented 
herein in prel i:uinary f orm, together rith* results of pre- 
vious tests of the airfoils at positive angles of attaci',' 

An analysis of the results riiade to find the variation 
of the ratio of the maximum negat ive ' lif t coefficient to 
the. Maximum positive lift coefficient led to the following 
concl^^sions: 

1. For airfoils of a given thickness, the ratio 

-Ct „ ../+Ct tends to decrease as the mean camher is 

L max L max ... 
increased, . . 

2» For airfoils of a given mean camher, the ratio' ' 
■"^L max/"^^L max to increase as the thickness in- 

crcases, 

INTRODUCTION 



There is at present little information on the aero- 
dyrianlc characteristics of airfoils at negative angles of 
attack. ■ In the fer tests which have been made the Rey- * 
nolds Number has been low. 



ERRATA 
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THE AERODYNAMIC CHARACTERISTICS OF ^IRFOILS AT 
ITSGATI^^S ArSLP.S OF ATTACK 



Fii-,ure 10; The c.p. at -7,9^ sho\ild be 14.9 per cent 
instead of 4.9 per cent. 

Figure 20: The part of the c.p. curve from -14° extend- 
ing to and "beyond -8° should "be concave 
uprards. The true form of these and other 
c.p. curves naj' "be obtained nore accurate- 
ly* bj- conputing c.p. values from the curves 

of C^ ^/.. 
m c/ 4 
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The need for addlt i anal data* ^.i^^^ range x^ras re- 

cently experienced by the Bwreau of Ver ona^t i c s , Havy De- 
partment, vhile they were "f of inula ting rational procedures 
to he fol:l:owe:d-:iii -designing airplanes. ^^^^^^^ in- 
verted flight conditions, Acc ord ingly , a numher of air- 
foils suggest edf'h^. :t.h.e Bureau, of ^-A^^ and a numher 
of M.A.C.A, airfoils vrere tested at negative angles of at- 
tack in the N.A.C.Av variahl e-tiens Uy, T^ind tunnel at a 
Reynolds Humher of approximately 3»bob', 000 . *^ 

Part of the results re^^e. pu't^lished in a preliminary 
note (reference l) before the tests were completed. The 
present report gives all the results, including those puh- 
-i-.i'shed in reference .! and the. results of previously ,un- 
pul2l„ish,ed- Vests .:Of the :airf,oils at pqsi.ti,y.e angles of at- 

A hi:i,ef descr ipt ion >f the r edes ignod var iahle-den- 

s.Uy. wind tunnel .and .'Its.. r.ethod o^ will he found ^ 

in reference 2. The custo'nary 5 hy 30 inch polished du- 

..ralumin a irfoils :,wei^e used.in the tests, , In reference 2 

will he found a descripticn . af . the method of constructing • 

the -airfoils. . The .;specif ied "ordinates. will be found in 
Tahle I. ......... 

The airfoils were tested in the iisual manner (as de- 
scjT.ihed in reference 2). except for the method of. . mount ing. 
on the support struts. Tihen airfoils are tested at posi-. 
tive angles of attack thev are counted on the support 
struts of the balance ,with the sting and .s.truts attached 
on t,he flat side.\ For these tests,, however, the aiVfoils. 
were inverted and the sting was placed on the curved sur- 
face to leave the flat surface free from obstructions that 
might affect the value of the maximum nega-tive lift coef- 
ficient. 

The measurements of lift, drag, and pitching moment 
were rr.ade at, a pressure cf approxii^.at ely 20 atmospheres 
and. an air speed of apprcximat ely 70 /eet per second, 
which corr,espond "to a Ecyr.olds .:Tur;.ber of .5,100,000. * The 
tests 'at positive angl'es cf attack were cade uncier.'.the 
sar:*e conditions. 



•■ • ■ • • ■ , ACCUVtAO': • _ ■ 

After tlie tests were completed, check tests Were \ 
nade on some of the II, A,C. A. ' airf oils\ * The MazVmHim lif t, 
coefficients" were ' found to' he of the order of '3 per cent , 
Ibyier than the values ohtained in the f irst' .t e^ t s • It 
was suspected- that the difference might" have heen due to ' 
roughening of the noses of the airfoils hy par.ticles in__ 
the air stream. Several of" the !T,A* C, A; aijrf oils ver.e"" 
theref ore 'repolished' on the. noseband w r gave, val- 

ues of D:axirnum lift coefficients apprbximatoly equal to 
those ohtairied in the first tests# It 7wa3 . therefore ap- * 
parent that in. order to make accnra'te con'ipaV ison of the 
maximum lift, coefficients possiole, speclo.l car a "was .nec- 
essary' in f inishing the. r.oses of. the airfoils. The. dif- 
ferences hetreen. the surfaces of the airfoils used in the 
tests described in this report are not knovrn, hut it is 
estimated that the uncertainty in the naxiiaum lift coef- 
ficients resultiixg fror. possible variations of * the sur- 
face textur.e does not exceed +3 per cent. Inasmuch aB 
other sources of error may amount to +1 per cent, the val- 
ues of the maximum lift coefficients may he considered 
accurate to." within +4 per cent*.* ' - - 

If the results of the present tests for the Clark Y, 
the the U.S.A. 37, and the U.S.A. 353 airfoils are' 

compared with the results for these airfoils from .the 
tests made in the original tunnel, the rr;aximum lift ccof- 
ficients from the earlier tests will he found to he Icvrert 
(Reference 3#) Although the original tunnel differed in 
some respects from the present one, -most of the difference 
hetvzeen the maximum lift coefficients is attrihi-'ted to the 
use of unpolished airfoils in the original tunnel» 



RESULTS AND DISCUSSION 



The method used* in obtaining the final results, inr . 
eluding the correction for the influence of the tunnel 
walls, is given in reference 3. Values of Cj^t Cj^, Cj^ , 

Cp. , and c.p. are plotted against angle of attack, in . 
'•'c/4, 

Figures 1 to 24, These curves, together with the indi- 
cated values of C^ ( C,, , when C. - 0)» present the data 

^0 "'0/4 I* 
in preliminary form with sufficient accuracy for use in 
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strnctural design. A technical report will he published 
later \7hich Tfill give those and other results in a more 
corr.plete form, Including tables of the data. 

To indicate the scale effect on t?ie negative range 
of the lift curve, data on the CYH airfoil are compared 
in Figure 25. The curve f rom, the . test at lot? Heynolds 
Number sho\?B a bur ole at a^comparat ively low_angie of at-^ 
tack followed by a gradual J^^ in lif t - \. 

. An effort has been made to find th'C^variation of the 
maxiiTiUm negative lift , coefficients of these airfoils with 
the shapes of the 'prof il.os# For this purpose/the ratio . 

— has been U8ed#_ TheJ deterninaliion of the- variation 

max ' /; . .---^ ' ... 

of this ratio with the shape. of the profile is' difficult 
beciiuse of the large number of variables which determine 
the shape. However, a reasonably consistent variation of 

the ratio — il^^i has been found with two shape "charac- 

- max _ 

terlstics of the profiles --V the thickness (maximum) and 
the mean camber • ' i^^-i-l 

- . - ^ '-*^^]5:E^.r\ - .-/j ■ 

For the purpose of tMs ainalysi s the' mean camber is 
defined as the maximum dep~arture of the mean line of the 
profile from the chord, where the chord is taken as the 
line joining the extremities of the mean line. The mean • 
line is defined as a line midway betreeh the upper and 
lo-'or surfaces of the profile, where the thickness is 
measured perpendicular to the mean line, 

— C 

In Figure 26 — li-il^^^i has been plotted against the 
■*^°L max 

mean camber and a line has been drawn in to represent 

the varia'tion of with the mean camber for pro- 

max 

files of 12 per cent thickness. The values for profiles 
of approximately 12 per cent thickness lie near this 
line; whereas the values for thj.cl:er and thinner pro- 
files lie above and below it, respectively. The ratios 
for the 2512, the 4512. and the 6512 (which have the 
mean canber at 0,5 of the chord and a thickness of 12 
per cent) have the same trend as the general trend of the 

ratios; that is, decreases as the mean camber in- 

'^^L max 

creases. The Clar/:'Y, ths- Clark Y ;:-15. and the 
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Clark y V.-IB profiles, rrhich have approxiaately the same 

mean cemher, shoir an increase of ^h-^^ as the thickness 

'*;pl max . 
is incf^a'sed .' (The designation ' K 'it'eans' that the pro-' 
files rere thickened from the mean ordinates of the ori- 
ginal Clark Y.) ' ' • ' ' 'i* .. : .. 

The plot may he used for making an estimate of the ^, 
value of -Cj^ j^g^ for any airfoil f or vfhich^data are' avail-^ 
ahl'o from a variahle-dehsity tunnel test at positive an- 
gles. of attack* The airfoil should be io cate d on the r>lot 
according to its mean caraher (found as descrlhed aho.ve . 
and . thic3ori'essV If the airfoil 'is ;s'imilar to" one of'tho'se. 
on the pl'oV, the locating of it will he easier. 

The error in the estimate is* 1-ikely to he large if 
the profile has peculiarities of shape such as a, sh^trp 
curvature of the lee-ding or trailing sec;tion-ffv 'hut' for' 
profiles o.f conventional shape, the error in the- estimate 
of -0^ jnax should not exceed I'S per cent of the'' true value. 

CONCLUSIONS 



For airfoils of a given thickness, the ratio 
tends to decrease as the niean camber is increased. 



For airfoils of a given mean camber, the ratio 
tends to increase as the thickness is increased. 



1. 

^^L_max 
max 

2. 

^ ^ L max 
"^^L max 



Langley laemorial Aeronautical Laboratory, 

National Advisory Conmlttee for Aeronautics, 
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Ordlnates of tho Airfoils in ?or Cent of the Chord 





Airfoil 


i Clark y 


Clark Y-IS 


Cltirk Y M-15 


Clark y k-18 


U.S.A. 27 




L.S. 1 

Hofi ius i 


1.50 








— 






Stationjs 


! Upper 


■ Lower 


Upper 


LoTrer 


Upper 


j Lower 


Upj>er 


Low-ir 


Ui:per 


Lower 




0 


.%5C 


3.50 


5.3s 


5.3s 


3.50 


1 3.50 


3.r^o 


3.50 


1.77 


1.77 




1-1/H 


5. '-+5 


1.93 


8.38 


2.97 


5.95 


1 iM 


b.Uo 


.98 


3. SO 


.50 




2-1/2 


b,50 


1.U7 


10.00 


2.26 


7.21 


; -76 


7.SS 


.11 


5.07 


.36 




5 


7.90 


.93 


12.15 


I.U3 


8.S8 


r 

- .05 


9.7s 


- .su 


6.9U 


.19 




7-1/2 


1 S.S5 


.63 


13.61 


.97 


10.01 


1 - .53 

1 


11.06 


-1.5s 


g.?2 


.10 


J 
<: 


10 


' 9.6o 


.U2 


1U.76 


.69 


10.89 


- .87 


.12.07 


-2.05 


i 9.19 


.02 




15 


10.6s 


.15 


16.U5 


.23 


12.17 


-1.3U 


13.52 


-2.^9 


10.50 


.10 




20 


11.36 


.03 


17 .U7 


.05 


12.96 


-1.56 


lU.Ul 


-3.02 


ll'.37 


.36 




30 


11.70 


0 


IS. 00 


0 


13.35 


-1.65 


iU.g5 


-3.15 


il.97 


•33 




hO 


11. Uo 


0 


17.53 


0 


13. 01 


-l.bl 


1U.U7 


-3.07 


11,68 


l.lU 




50 


10.52 


A 
U 


16.19 


0 


12,00 


-l.Us 


13.35 


-2.63 


10. £6 


.75 




60 


9.15 


0 


1U.07 


0 


IO.I4I1 


-1.29 


11. ol 


-2.Ub 


o,-.u 1 


.28 




70 


7.35 


0 


11.30 


0 


2.39 


-l.OU 


.9.33 


-1.98 


8.08 


• Oti 




so 


5.22 


0 


o'.03 


0 


5.95 


- .7>+ 


6.62 


-i.Uo 


6.10 


.01 




90 


2.80 


0 


H.31 


c 


3.20 


- .Uo 


3.56 


- .7:? 


3.-:s> 


.12 




95 


i.Us 


0 


2.29 


0 


1.70 


- .21 


1.90 


- .Uo 




.33 




100 


,12 


0 


.18 


0 


.IH 


- .02 


.15 


- .03 


.67 


.65I 
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Oi-aia-vv.is of the Airfoils in Pur Cont of the Chord - Continued 



, 

Airfoil U.S.A. 3rB 


Boeins 


103 


Booing 




IIACA Mo 


:IACA CYH 


L.E. 1 

H.?.dius i 


1.25 


0.97 






1.50 


Stations 


Ufpcr 


Lower 


Uppor 


Lower 


Upper 


Lov/cr 


f 

Upper 


LoT?er 


Upper 


Lower 


0 


2.7S 




2.70 


3.56 


3.56 


2.92 


2.92 


0 


0 


3.50 


3.50 


1-1/U 


5.15 


1.03 


b.lO 


2.20 


5.00 


1.80 


1.97 


-1.76 


5.^5 


1.93 


2-1/2 


6,11 


.63 


7.17 


1.73 


5.S7 


I.U2 


2.S1 


-2,20 


6.50 


1.1*7 


5 


7o2 


.23 




1.22 


7.01 


1.00 


U.03 


-2.73 


7.90 


.93 


7-1/2 


S.65 


.lU 


9.55 


.?S 


7.82 


.72 


U.9U 


-3.03 


8.85 




10 


9.^5 


.07 


10.35 


.6U 


S.US 


.52 


5.71 


-3.2'-^ 


9.60 


.U2 


15 


10.56 


.00 


11.53 


.32 


9.nU 


.26 


S.82 


-3.^7 


10. S8 


.15 


20 


11.28 


.05 


12.2s 


.15 


10.00 


.12 


7.55 


-3.62 


11.30 


.03 


25 














S.Ol 


-3.71 






30 


11. 7S 


.15 


12.70 


.02 


10 .Uc 


.02 


8.22 


-3.75 


11.70 


0 


Uo 


11. U2 


.23 


12. U2 


0 


10.17 


0 


8. 05 


-3.90 


11 .Uo 


0 


50 


IC.33 


.39 


11,56 


.02 


9. '^7 


.02 


7.26 


-3.QU 


10,52 


0 


So 


3.S1 


.^5 


10.21 


.11 


e.36 


.08 


6.03 


-3.82 


9.15 


0 


65 


















8,30 


0 


70 


7.03 


.U2 


s.3g 


.25 


6.8'^ 


.17 


U,5S 


-3.U3 


7.^1 


.06 


30 


5.02 


.35 


S.26 


.U6 


3.13 


.30 


3.O0 


-2.83 


5.02 


.38 


90 


2.72 


.20 


3.gU 


.71 


3.1s 


.^5 


1.55 


-1.77 


3.SU 


1.02 


95 


1.50 


.12 


2.50 


.35 


2.1U 


.53 


.8^; 


-1,0s 


2.93 


I.UO 


100 


.25 


.00 


1.11 


1.00 


.87 


.87 


.2$ 


- .25 


2.C5 


1.S5 






0.C-; 


0, 







1 
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Ordinates of the Airfoils in Per Cent of the Chord - Continued 



Airfoil 


r 22 


c 72 


Boeing 


106 


Gott. 


398 


Ea.'i'.ius 




l.I+O 


0.70 




Stations 


Upper 


Lover 


Upper 


Lower 


Upper i Lov7er 


Upper 


Lower 


0 


3.37 


3.37 


3.H9 


3.1^9 


2.98 




3.7U 


3.7U 


i-i/U 


5.58 


1.70 


5.55 


1.92 


5«2b 


i«5h 


6.20 


1.89 


2-1/2 


6.66 


1.15 


6.51 


1.1+7 


0.14 


1 • 


7.U0 


1.23 


5 


g.25 


.62 


7.i;9 


.93 


7,5'+ 


• 42 


9.17 


.69 


7-1/2 


9.33 


.32 


S.85 


.6k 


rr r-C 
S.5O 


• C4 


10.37 


.35 


10 


10.13 


.16 


9.60 


.U3 


S,kk 


- .2S 


11.25 


.IS 


15 


11.28 


.03 


1C.69 


.16 


10.62 


- .64 


12.53 


.03 


20 


12.01 


0 


11.36 


.03 


11 . 3U 


- .90 


13. 3H 


0 




12. U2 


.05 


U.73 


0 


11.83 


-I.IS 


13.20 


.05 


ko 


12.01 


.15 


11. Ul 


.21 


11. 5U 


-1.28 


13. 3U 


.17 


50 


11. CU 


.2H 


10.53 


.59 


10. 5I; 


-1.3c 


12.27 


.27 


6c 


9.57 


.30 


9.15 


.85 


9.0s 


-1.22 


10.63 


.33 


70 


7.6s 


.32 


7.36 


.91 


7. 18 


- .1<S 


3.53 


.35 


80 


5.51 


,2k 


5.23 


.72 


U.96 


- .72 


6.12 


•27 


9C 


3.Cc 


.12 


2. so 


.Uo 


2.5^ 


- .1^2 


3.U0 




95 


1.73 


.05 


1.52 


.21 


1.29 


- .23 


1.92 


.06 


ICC 


.i*c 


0 


.10 


0 


.cU 


- .cU 


.Uo 


c 
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T.4BL2 I - COIJTIirjSD 



Ordinates of the Airfoils in Per Cent of the Chord - Continued. 



1 



Airfoil IlIACA 2U09 IllACA 2Ul2 



L.S. 

Radius 



; 1.576 



Slope cf I 
radius pass-; 

in5 tb.roa£;li j 
end of chord i 



2/20 



2/20 



Stations 



0 

1- l/U 

2- 1/2 

5 

7-1/2 
10 

15 
20 

25 

50 

50 

60 
70 

gc 

so 

ICd 



Urjper 



i 



1.62 



C OO j - 



^pperi Lower 



0.00 



-1.23 1 2.151-1.65 



2.27 j-1.66 

3.20 j -2.15 

3. 37 ]-2.4U 
U.U3 1-2.60 



2.S9!-2.27 

U.i3i-3.ci 



jTACA 2Ulp I'JACA hk\2 jlUCA 2212 



2.U6U 



2/20 



Upper; Lov/er 



- ! 0.00 

I 

I 

2..7l|-2.c6 
3.71; -2.?6 

i 

5.07! -3.gU 



-3.U6 j 6.06 



5.63 



-3.75! 



-U.U7 



6.631 -I+.90 



5.25 771 6.6li-U.10' 7.571-5.^^2 

I : i ! 

! 5.SI I-2.7S i 7.26'-i;.n3: g. 7c -5.66 

6.1s 1-2.71+! 7.67-H.22i 9.17-5.70 



1.576 



V20 



1.576 



2/10 



upper 



i G.3S j -2. 02 ! 7.SS:-U.12 ' 



5.62 

9.251-5.25 



' 6.35 1-2.35 ! 7.SC -3.coi 

' : i 11 

i 5. 92 I -£.02! 7.2U-3.3U; S.57I-U.67 



5.22 i -I.G3 i 6.36 -2.76 ■; 7-5'^ 



-3.S0 



U.27 j -1.2!-^ ! 5.isi-2.iU; 6,id-3.C5 



3.1c j - .35 • 3.75!-i.50 ; 

1.72 ; - .U7 ; 2.0g;- .S2 i 



U.iil 
2.U5 



.9U ^ - .2C I l.lU;- I 1.34 

(an); (-.10)1 (.itj (-.13)1 (a6) 



-2.15 
-1.17 

- .60 

(-.16) 



I 

i ■ 



2.UU 
3.39 

1+.73 
5.76 
6.59 
7.89 



Lower 



0.00 
-1.1+3 

-1.95 

-2. Us 
-2.7-+ 
-2. go 
-2.gg 



Uncer 



s.so -2.7U 

9.UI -2.50 



9.76 

9. SO 

9.19 

g.iu 
5.65 

2.71 
1.H7 



-2.26 
-i.go 
-i.uo 
-1.0*:) 

- .65 

- .39 

- .22 

- .16 



2.UI; 

?.35 
1+.&2 

5.55 
6.27 
7.25 
7.7U 
7.93 
7.97 
7.6g 
7.02 
6.07 
I1.90 

3.52 

1.93 
1.05 



(.15: (-.13) (.13):-. 13) 



Lower 



0.00 
-1.U6 

-1.96 

-2.55 

-2.39 

-3.11 

-3.UU 
-3.7U 
-3.9U 
-i;.03 
-3.92 
-3.56 
-3.05 
-2.li3 
-I.7U 

- .97 

- .56 
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Ordinates of the Ajrfoils in Per Cent of tho Chord - C-vntinued 



Airfoil 


ilACA a'jis 


!TACA 6512 


1' \ A 


i,.09 


::.;CA i 




:iACA kz'ic 


L.S. 

Radius 


1.576 


1.576 


O.Go7 


1.376 • 




Slope of 

in^ through 

PTiG. C.IO 1 0. 


2/25 


6/25 


u/25 


V25 




- ^ 


Stations 






Upper 


LoTzer 


Upper! Lower 


Uoper 


Lorer 




Lc"<7er 


0 


- 


C.CO 


- 


C.O6 




0.00 


- 


O.GO 


- 


o.co 


1-iA 


2.0S» 


-1.70 


2.57 


-I.3U 


1.75! -^-^2 


2.33 


-1.51 


3.56 


- 2S 


2-1/2 


2.91 


-2.33 


3.50 


-1.^2 


2.U7I -1.50 


3.2.2 


-2.07 


4.79 


-3.16 


5 


h.cz 


-3.09 


5.C2 


-?.26 


3.51+1 -i.sU 


I+.50 


1-2.67 




-U.27 


7-1/2 


U.53 


-3.59 


6.13 


-2.1+3 


j 

U.3'S; -1.95 




-2.99 


7.7- 




10 


5.ii6 


-3.92 


7.06 


-2.U5 


K.OUj -2.C5 


6.25 


-3.1s 




-^•.ui 




6.UC 


-U.3C 


0.5s 


-2.27 


6.1^1 -1.96 


7.U6 


-3.23 


IC.25 


-?.S9 


20 


7.03 


-I+.U3 




-1.91 


•S.S9 


-1.75 


3.3U 


-3.17 


11.27 


-S.Gl 


25 


7.UU 


-U.V4 


10.50 


-1.U7 


7.S+6 


-1.U7 


j S.?5 


-2.95 


U.9S 


->-3l 


30 


7 
f • 


-U.33 


11.07 


- .9? 


7.?5 


-1.16 


i '-^^ 


'''' 

-2. CD 


i"'37 


-15. £8 


no 


7.7a 
7.2? 


-3.30 


11.56 


- .06 


S.19 


- .52 


i 9.^4 


-1.97 


11:. 53 


-'4.S9 


50 


-3.29 


11.29 


.71 


7.97 


.C3 


j 9.23 

1 


-1.29 


11. 9U 




6c 




-2.63 




1.21 


7.27 


.U2 


j "3.1.3 


- .70 


10.70 


-.M-o 


70 


5.35 


-1.97 


S.7c 


1.32 


'o.id .62 
1 








-..11 


sc 


3.92 


-1.33 


6.5U 


I.2U 


U.9C 


1 .60 


1 5.23 


- .CW 




-1.34 


or. 


2.18 


- .72 




.72 


1 J 


• 35 


1 2.93 


.00 




- .71 


55 


1.19 


- .U2 


2.CC 


.33 




• ^5 




- ,C:l', 


.J.Ci 


- .U'4 


IOC 

- 


(.13) 


^-.131 
* 




(-.12) 

1 • 


i ~ 

1. . .... 


I. , «, M 


l(.12) 

1 

i 


(-.12) 


(.19) 

1 - i 
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